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Edited by Shou-Wei DingAbstract Most multicellular organisms regulate developmental
transitions by microRNAs, which are generated by an enzyme,
Dicer. Insects and fungi have two Dicer-like genes, and many
animals have only one, yet the plant, Arabidopsis, has four.
Examining the poplar and rice genomes revealed that they con-
tain ﬁve and six Dicer-like genes, respectively. Analysis of these
genes suggests that plants require a basic set of four Dicer types
which were present before the divergence of mono- and dicotyle-
donous plants (200 million years ago), but after the divergence
of plants from green algae. A ﬁfth type of Dicer seems to have
evolved in monocots.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Eukaryotes possess a mechanism that generates small
RNAs and uses them to regulate gene expression at the tran-
scriptional or post-transcriptional level [1]. These 21-24nt
small RNAs are deﬁned as micro (mi) RNAs, which are pro-
duced from partially self-complementary precursor RNAs, or
small interfering (si) RNAs, which are generated from dou-
ble stranded (ds) RNAs [1,2]. The large RNaseIII-like en-
zymes that cleave these templates into small RNAs are
called Dicer or Dicer-like (DCL) proteins [3]. Humans, mice
and nematodes each possess only one Dicer gene, yet regu-
late their development through miRNAs, modify their chro-
matin state through siRNAs, and are competent to enact
siRNA-mediated RNA interference (RNAi) [1,4]. Insects,
such as Drosophila melanogaster, and fungi, such as Neuros-
pora crassa and Magnaporthe oryzae, each possess two Dicer
genes [4,5]. In Drosophila, the two Dicers have related but
diﬀerent roles: one processes miRNAs and the other is nec-
essary for RNAi [6]. In plants, both rice and Arabidopsis tha-
liana have been reported to possess four Dicer-like genes
[7,8]. Analysis of insertion mutants of the four A. thaliana
DCL (AtDCL) genes has revealed that the role of a small
RNA appears to be governed by the type of DCL enzyme
that generated it: AtDCL1 generates miRNAs, AtDCL2 gen-
erates siRNAs associated with virus defense and production*Corresponding author. Fax: +61 2 62465000.
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AtDCL3 generates siRNAs that guide chromatin modiﬁca-
tion, and AtDCL4 generates trans-acting siRNAs that regu-
late vegetative phase change [9–13]. In this study, we sought
to identify whether all plant species had the same four diver-
gent Dcl genes present in Arabidopsis. We found evidence
suggesting that it is advantageous for plants to have a basal
set of four Dicer types, and that these have evolved by gene
duplication after the divergence of animals from plants.
However, there are ﬁve Dcl genes in poplar and six in rice.
The number of Dicer-like genes has continued to increase in
plants over evolutionary time, whereas in the evolution of
mammals, the number has probably decreased. These oppo-
site trends may reﬂect the diﬀering threats and defence strat-
egies that apply to plants and mammals. Mammals have
immune, interferon and ADAR systems to protect them
against invaders, and may only need a Dicer to process miR-
NAs. Plants have none of these defence systems and, there-
fore, rely on Dicers to not only regulate their development
through miRNAs, but also to defend them against a multi-
tude of viruses and transposons.2. Materials and methods
2.1. Plant material, PCR ampliﬁcation and sequencing
RNA was extracted from leaf material of the Columbia ecotype
of A. thaliana using the TRIzol reagent (Invitrogen), reverse tran-
scribed, ampliﬁed and cloned into pGEM-T Easy using the OneStep
RT-PCR Kit (Quiagen) and pGEM-T Easy vector system 1 kit
(Promega). A table of the primers used to amplify AtDCL2,
AtDCL3 and AtDCL4 fragments for sequencing or detection of
the diﬀerent Dicer types are presented in Table 1 of supplementary
information. The inserts were sequenced using BigDye terminator
cycle sequencing ready reaction kits (PE Applied Biosystems, CA,
USA). Ampliﬁcation reaction conditions for detection of ortholo-
gous genes were 35 cycles at 95 C for 30 s, 52 C for 30 s and
72 C for 1 min. DNA samples of rice, maize, cotton, lupin, barley
and Triticum tauchii were kind gifts from Narayana Upadhyaya,
Qing Liu and Evans Lagudah. PCR products were separated on a
1.3% agarose gel.2.2. Real time quantitative RT-PCR
AtDCL2 spliceforms were quantiﬁed essentially as described by Mil-
lar et al. [14] using speciﬁc primer pairs (Sup Table 1). Five-microgram
samples of total RNA were reverse-transcribed into cDNA and quan-
tiﬁed using gene-speciﬁc primers and a SYBR Green JumpStart qPCR
kit (Sigma). The PCRs were carried out under the following reaction
conditions: 94 C for 5 min, 45 cycles of denaturation at 94 C for
15 s, annealing at 55 C for 15 s and extension at 72 C for 30 s, and
results were normalized against cyclophilin. Quantiﬁcation of each
cDNA synthesis was done in triplicate.blished by Elsevier B.V. All rights reserved.
R. Margis et al. / FEBS Letters 580 (2006) 2442–2450 24432.3. Data collection
The sequences of Arabidopsis, rice, maize, poplar, Chlamydomonas
reinhardtii and Tetrahymena genes were accessed via the Arabidopsis
Information Resource (TAIR) database (http://www.Arabidop-
sis.org/index.jsp), the Institute for Genomic Research (TIGR) rice
and maize databases (http://www.tigr.org/tigr-scripts/osa1_web/
gbrowse/rice; http://tigrblast.tigr.org/tgi_maize/index.cgi), and the
JGI Eukaryotic Genomics databases (http://genome.jgi-psf.org/
Poptr1/Poptr1.home.html), http://genome.jgi-psf.org/chlre2/chlre2.ho-
me.html, and the Tetrahymena genome database http://seq.ciliate.org/
cgi-bin/blast-tgd.pl.
2.4. Sequence alignment and phylogenetic analysis
Coding sequences of predicted genes were determined by using
tBlastn and manual comparison of Clustal-W-aligned genomic se-
quences, cDNA sequences and predicted coding sequences. All protein
sequence alignments were made using the program Clustal-W [15].
Phylogenetic and molecular evolutionary analyses were conducted
using MEGA version 3.1 [16]. Trees were generated using the following
parameters: complete deletion, Poisson correction, neighbour-joining,
Dayhof matrix model for amino acid substitution, and bootstrap with
1000 replications. Protein domains were analysed by scanning protein
sequences against the InterPro protein signature database (http://
www.ebi.ac.uk/InterProScan) with the InterProScan program [17].
Unless otherwise stated, domains were deﬁned according to pFAM
predictions (http://www.sanger.ac.uk/Software/Pfam/).3. Results and discussion
3.1. Identiﬁcation of Dicer-like genes in Arabidopsis, poplar and
rice
The amino acid sequence of AtDCL1 (At1g01040) and
AtDCL4 (At5g20320) has been determined previously by
sequencing of cDNAs generated from the gene’s mRNA
[18,12]. However, the sequences of AtDCL2 (At3g03300),
AtDCL3 (At3g43920) have previously been inferred from the
chromosomal DNA sequences determined by the Arabidopsis
Genome Project (TAIR) using mRNA splicing prediction pro-
grams. To obtain more accurate sequences of these proteins,
cDNAs were generated from the appropriate Arabidopsis
mRNAs, cloned into plasmids and their nucleotide sequences
determined. Analysis of these sequences (Genbank Accession
Nos. DQ479970, DQ479971, and DQ479972) showed that
the inferred amino acid sequences of AtDCL2, and 3 were lar-
gely but not completely correct: at least one exon/intron region
has been miscalled for each gene and two diﬀerent spliceforms
of AtDCL2 mRNA were identiﬁed (Supplementary Figure 1).
Interestingly, this diﬀerential splicing alters the RNA helicase
region of the encoded proteins and could diﬀerentiate their
activities through changes in substrate speciﬁcity. To conﬁrm
the existence of the two DCL2 mRNA spliceforms and evalu-
ate their relative levels, real time PCR was carried out on
mRNA taken from Arabidopsis plants at seven diﬀerent time
points ranging from seedling through to ﬂowering stages using
spliceform-speciﬁc primers. The results showed that both
spliceforms were of similar abundance and tended to increase
in level as the plant matured. Interrogation of the Arabidopsis
genome with the tBLASTn algorithm, using amino acid se-
quences of each of the DCL sequences, identiﬁed no further
Dicer-like genes. Repeating essentially the same procedure
on the recently completed sequences of the whole genomes of
poplar (Populus trichocarpa) and rice (Oryza sativa)
revealed ﬁve DCL-like genes in poplar (Pt02g14226280,
Pt06g11470720, Pt08g4686890, Pt10g16358340, Pt18g-
3481550; using the nomenclature in which the number preced-ing the ‘‘g’’ indicates the chromosome and the number after the
‘‘g’’ indicates the nucleotide position of the start of the coding
region on the JGI poplar chromosome pseudomolecules) and
six genes in rice (Os01g68120, Os04g43050, Os03g02970,
Os03g38740, Os09g14610, Os10g34430; TIGR build 3 nomen-
clature). The location of these genes on the genome maps of
poplar and rice is shown in Fig. 1.
Phylogenetic analysis, using the PAM-Dayhof matrix
model, JTT matrix model, minimum evolution methods and
neighbour-joining methods in MEGA 3.1, all showed that
the inferred amino acid sequence of each of the rice and poplar
DCL proteins strongly aligned with the sequence of an individ-
ual member of the four Arabidopsis DCL proteins (Fig. 2A,
and pairwise distances in supplementary information Table
2). With the diversity represented by these plants, from small
alpine plant to large tree, and from monocot to dicot, this re-
sult suggests that these four types of Dicer are present in all
angiosperms and quite possibly all multi-cellular plants. This
was further supported by detection of all four genes in barley,
maize, cotton and lupin by PCR assays, using primers designed
to conserved type-speciﬁc sequences (data not shown). We
interpreted these groupings to be indicators of orthologous
genes, showing that, in poplar, there are single orthologs of
AtDCL1, AtDCL3 and AtDCL4 and a pair of orthologs
of AtDCL2, and that in rice, there are single orthologs of
AtDCL1 and AtDCL4 and pairs of orthologs of AtDCL2
and AtDCL3. Each gene was named to reﬂect the species in
which it is present, using the preﬁx Pt or Os, and the number
of its Arabidopsis ortholog, e.g., PtDCL1. Members of a pair
of orthologs were designated A or B with the gene termed A
having greater sequence identity to the Arabidopsis ortholog.
For all DCL types, the poplar and Arabidopsis orthologs are
more similar to each other than to the rice ortholog, as might
be expected given that the ﬁrst two are dicots and rice is a
monocot. The Arabidopsis, poplar and rice DCL1 genes group
most tightly together, and the second tightest cluster is formed
by the DCL4 genes. The DCL2 and DCL3 genes form more
expansive clusters showing that they have a higher degree of
divergence, and the gene that is the most divergent from the
others within the group is OsDCL3B.
3.2. Correlation of Dicer type with domain variation
Six domain types are present in animal, fungal and plant
DCR or DCL proteins, collectively, although many individual
proteins lack one or more of them (Table 1). These six types
are the DExD-helicase, helicase-C, Duf283, PAZ, RNaseIII
and double stranded RNA-binding (dsRB) domains [4,8,19
and references therein]. The DExD and -C domains are found
towards the N-terminal and C-terminal regions of the helicase
region, respectively. There are always two RNaseIII domains
(termed a and b) in a Dicer protein, and the Duf283 is a do-
main of unknown function but which is strongly conserved
among Dicers. The role of the dsRB domain in human Dicer
is generally thought to mediate unspeciﬁc reactions with
dsRNA, with the PAZ, RNaseIIIa and RNaseIIIb domains
being crucial for the recognition and spatial cleavage of dsR-
NAs into si or miRNA [19]. In organisms with only one Dicer,
this enzyme, with its associated proteins, is presumably the
only generator of si and miRNAs. In organisms with two or
more Dicers, there is probably a division of labour.
Each of the inferred amino acid sequences of the Arabidopsis,
poplar and rice DCL proteins, along with examples of ciliate,
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Fig. 1. The chromosome locations of DCL genes in Arabidopsis, poplar and rice. Each chromosome is depicted approximately to scale, within a
genome, with its pseudomolecule length in nucleotides provided. The number under each gene is the position on the pseudomolecule of the start of
the gene. The regions shown in yellow on poplar chromosomes VIII and X represent the large duplicated and transposed blocks that have been
mapped to have been generated between 8 and 13 million years ago [25,26].
2444 R. Margis et al. / FEBS Letters 580 (2006) 2442–2450algal, fungal, mammalian and insect DCRs (from previously
published information or identiﬁed by tBLASTn interrogation
of available databases) were analysed using the Interpro suite
of algorithms. All six domain types were identiﬁed and located
(Table 1) in all of the plant DCL sequences, except for AtDCL3
and OsDCL2B, which were partially lacking the Duf283 do-
main. The Duf283 domain appears to be absent in some ciliate
and fungal DCRs and in AtDCL3. However, it is present in all
the other plant Dicers, including the DCL3-types in rice and
poplar. This suggests that diﬀerences within this domain could
play a role in determining the Dicer type and function, but not
simply by its presence or absence.
The two most striking results from this analysis were that all
of the DCL1, 3 and 4 types in plants have a second dsRB(dsRBb) domain which is completely lacking in non-plant
DCRs, and that the PAZ domain was not detected in the cili-
ate, fungal and algal DCRs but detected in all of the plant
DCLs, including all three DCL4s, despite previous reports that
this domain is missing in AtDCL4 [4,8]. It has been suggested
that the absence of a PAZ domain may play an important role
in discriminating which accessory proteins a Dicer interacts
with, thereby guiding the recognition of its template [20].
The correlation between the absence of miRNAs and the pres-
ence of only a PAZ-free Dicer in Shizosaccharomycyes pombe,
has also led to the suggestion that the PAZ domain may play
an important role in measuring the length of miRNAs. The
presence of the PAZ domain in all plant Dicer types seems
to rule out the notion that its presence or absence dictates
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Fig. 2. Phylogenetic analysis of rice, poplar and Arabidopsis. Consensus phylogenetic trees, constructed by neighbour-joining method with pairwise
deletion, using the Dayhof matrix model for amino acid substitution, presented in radial format for (A) the entire DCL molecules and (B) the C-
terminal dsRBb domain. The colour coding shows the grouping of DCL types 1, 2, 3 and 4 based on clustering with the Arabidopsis type member.
Branches with 100% consistence after 1000 bootstrap replications are indicated with black dots.
Table 1
Locations of domains in DCL and DCR proteins
DExD Helicase-C RNaseIIIPAZDuf283 dsRB
Taxon Protein Name Domain
DExD Helicase-C Duf283 PAZ RNaseIIIa RNaseIIIb dsRBa dsRBb
Algae Cr_DCR1 648-745 831-928 1403-1536 1645-1900
Fungi Nc_DCR1 67-259 437-529 980-1133 1174-1382 1389-1489
Nc_DCR2 122-297 492-579 654-740 1067-1207 1258-1424
Mammal Hs_DCR1 44-217 459-556 630-722 891-1065 1295-1596 1681-1847 1850-1913
Insect Dm_DCR1 510-606 825-920 1096-1269 1724-1939 2008-2173 2176-2240
Dm_DCR2 8-181 385-498 571-674 841-1003 1177-1382 1433-1628 1553-1718
Plant Gene ID
At1g01040 At_DCL1 249-421 687-767 840-935 1180-1341 1361-1518 1559-1707 1733-1796 1831-1906
At3g03300 At_DCL2_spf1 18-218 403-490 557-645 805-958 975-1131 1162-1317 1321-1380
At3g03300 At_DCL2_spf2 16-206 391-478 793-946 793-946 963-1119 1150-1305 1309-1368
At3g43920 At_DCL3 45-235 428-502 814-973 994-1167 1203-1353 1342-1423 1436-1563
At5g20320 At_DCL4 124-296 502-592 656-748 941-1079 1101-1271 1307-1459 1463-1526 1622-1696
Os03g02970 Os_DCL1 263-466 696-782 855-950 1196-1357 1373-1555 1591-1747 1751-1812 1836-1909
Os03g38740 Os_DCL2a 34-210 411-501 569-655 826-967 988-1144 1176-1331 1335-1398
Os09g14610 Os_DCL2b 29-236 411-501 797-938 959-1115 1147-1299 1303-1365
Os01g68120 Os_DCL3a 28-224 433-519 587-677 875-1029 1048-1218 1256-1412 1416-1480 1507-1643
Os10g34430 Os_DCL3b 38-195 379-470 536-626 836-987 1057-1228 1264-1420 1424-1487 1507-1603
Os04g43050 Os_DCL4 26-224 416-498 562-652 819-953 975-1143 1179-1331 1335-1399 1520-1593
Pt2g14226280 Pt_DCL1 288-459 729-809 882-967 1214-1378 1394-1579 1615-1771 1775-1835
Pt8g4686890 Pt_DCL2a 99-275 539-620 687-773 949-1099 1121-1277 1308-1463 1467-1532
Pt10g16358340 Pt_DCL2b 18-228 401-492 560-646 799-961 983-1139 1170-1325 1329-1393
Pt18g3481550 Pt_DCL3 56-249 424-514 582-673 876-1043 1031-1243 1279-1426 1575-1659 1561-1669
Pt6g11470720 Pt_DCL4 44-245 445-535 599-689 891-998 1011-1165 1201-1353 1357-1421 1514-1588
1864-1939
Ciliate Tt_DCR1 1-208 444-517 849-968 1224-1338
Tt_DCR2 541-614 1328-1487 1623-1736
The linear arrangement of domains typically found in DCL or DCR proteins is depicted above the table. The table contains the locations, in amino
acid residues, where the eight diﬀerent domains can be found in a DCL or DCR molecule. Boxes that have been blacked out represent the absence or
failure to detect the presence of the domain in the appropriate DCL or DCR. The genes are named according to the species in which they are found
and their DCL or DCR type. Tt, Tetrahymena thermophila; Cr, Chlamydomonas reinhardtii; Nc, Neurospora crassa; Hs, Homo sapiens; Dm,
Drosophila melanogaster; At, Arabidopsis thaliana; Os, Oryza sativa; Pt, Populus trichocarpa.
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within the domain could be responsible for determining the ac-
tion of the sRNAs that they generate, for example by dictating
their size.In Arabidopsis, and probably all plants, the four diﬀerent Di-
cer types produce small RNAs that play diﬀerent roles. Each
diﬀerent type requires speciﬁcity in recognising its substrate
RNA and the ability to pass the small (s) RNA that it
2446 R. Margis et al. / FEBS Letters 580 (2006) 2442–2450generates to the correct eﬀector complex. Unlike all of the
other domains, the dsRBb domain, by its presence, absence
or type, is a good candidate for regulating substrate speciﬁcity
and/or the interaction with associated proteins to direct pro-
cessed sRNAs to the appropriate eﬀector complex. DCL2 pro-
teins are diﬀerent from the other Dicer-types by their lack of a
dsRBb domain and, with the exception of the variation be-
tween the dsRBa domains of DCL1 and 3, the net variation
between the pair-wise combinations of Dicer-types 1, 3 and 4
is most variable in this domain (SupTable 3 and Fig. 2B).
There is good evidence that dsRB domains not only bind to
dsRNA but also function as protein–protein interaction do-
mains [21–23]. Indeed, it has been shown that fusion proteins
containing both the dsRBa and dsRBb domains of AtDCL1,
AtDCL3 and AtDCL4 can bind to members of the HYL1/
DRB family of proteins that are probably associated with
sRNA pathways in Arabidopsis [23]. The simplest model seems
to be that the dsRBa domain along with the PAZ and RNa-
seIII a and b domains recognize and process the substrate
RNA, while the dsRBb domain speciﬁcally interacts with
one or two of the diﬀerent HYL1/DRB members to direct
the newly generated sRNAs to their appropriate RNA-cleav-
ing or DNA-methylating/histone-modifying eﬀector complexes
[24].
3.3. DCL paralogs in poplar and rice and other Gramineae
In both poplar and rice, the DCL2 gene has been duplicated.
The paralogs in poplar, PtDCL2A and PtDCL2B, have 85%
sequence similarity at the amino acid level and are located
on chromosomes 8 and 10, respectively. They are within large
duplicated blocks (Fig. 1) that are predicted to have formed
during a large scale gene duplication event 8–13 million years
ago (mya) [25,26]. The timing for this duplication of DCL2 in
poplar is consistent with the lack of a DCL2B in Arabidopsis,
since the common ancestor of Arabidopsis and poplar is esti-
mated to have existed about 90 mya [27].
The paralogs, OsDCL2A and OsDCL2B, in rice have almost
identical sequences (99% sequence similarity at the amino acid
level), except for a 200 bp deletion, largely within an intron,Fig. 3. Detection of OsDCL2A and OsDCL2B in japonica and indica
rice. PCR analysis of japonica (lane 1) and indica (lane 2) rice using a
set of primers (supplementary information Table 1) that should give a
band of 772 nt for the presence of OsDCL2A and a band of 577nt for
the presence of OsDCL2B. The gel indicates that both rice subspecies
contain both the 2A and 2B genes.but also deleting part of the Duf 283 domain in OsDCL2B,
which may possibly abolish or impair the protein’s function.
Apart from this deletion, there are less than 100nt variations
in a genomic sequence of 14.5 kb. This suggests that the gene
duplication occurred relatively recently. Applying the unso-
phisticated approach of using the rate of amino acid changes
that occurred between PtDCL2A and PtDCL2B during the
10 million years (my) since their duplication as a measure
of time (20 aa changes/my), the 15 amino acid diﬀerence
between OsDCL2A and OsDCL2B suggest that this duplica-
tion occurred about 1 mya. It has been estimated that the rice
subspecies indica and japonica last shared a common ancestor
0.44 mya [28]. To test whether the duplication event occurred
before or after this divergence, DNA extracted from japonica
and indica was assayed by PCR using primers, ﬂanking the
OsDCL2B deletion. The assay (Fig. 3) showed that both OsD-
CL2A and OsDCL2B are present in both subspecies, hence
placing the duplication event that created them before this
time. Examination of the regions surrounding these genes on
rice chromosomes 3 and 9 suggest that the duplication was
of a relatively small region of chromatin (50–100 kb).
The DCL3 paralogs, OsDCL3A and OsDCL3B, in rice are
highly divergent, showing about 57% similarity at the amino
acid level. Therefore, the duplication event which created them
probably occurred before the generation of PtDCL2A and
PtDCL2B in poplar (10 mya). However, there is no pair of
DCL3 paralogs in either poplar or Arabidopsis, suggesting that
the event that produced the OsDCL3 paralog pair occurred
after the divergence of monocotyledonous plants from dicoty-
ledonous plants (about 200 mya). In an attempt to reﬁne the
estimation of the date when the OsDCL3 paralogs were gener-
ated, we sought to determine if they existed before the diver-
gence of maize and rice (50 mya). Therefore, the TIGR
Release 4.0 of assembled Zea mays (AZM) and singleton
sequences was searched for both OsDCL3A-like and
OsDCL3B-like sequences. Three sequences were identiﬁed,
two of which (AZM4_67726 and PUDDE51TD) have greater
similarity to OsDCL3B and one (AZM4_120675) which has
greater similarity to OsDCL3A. Fortunately, one of the
OsDCL3B-like clones (AZM4_67726) covered the same heli-
case-C domain region as the OsDCL3A-like clone. Phyloge-
netic analysis (Fig. 4A) showed that these clones grouped as
orthologs of OsDCL3A and OsDCL3B, strongly suggesting
that the duplication event that generated the DCL3 paralogs
occurred before the divergence of maize from rice. Examina-
tion of the aligned helicase-C sequences of all of the Arabidop-
sis, poplar, and rice DCL gene sequences and the two maize
clones allowed two sets of primers to be designed that, when
used in PCR assays with maize or rice DNA, should discrim-
inate between the DCL3A and DCL3B paralogs in either spe-
cies and may also be similarly eﬀective in other cereals.
Fortunately, the polymorphisms that allowed the design of
these discriminating primers are in sequences that ﬂank an in-
tron that is smaller in the OsDCL3A gene than in the
OsDCL3B gene (but not in the equivalent genes in maize), thus
providing a visible control for the speciﬁcity of the ampliﬁca-
tion products. Using these primer pairs on DNA from rice,
maize, and two other diploid cereals, barley (Hordeum vulgare)
and T. tauchii, a progenitor of wheat, (Fig. 4B), showed that
orthologs of both OsDCL3A and OsDCL3B could be detected
in all of these species. The PCR products from barley and
T. tauchii were cloned and sequenced, and were then compared
Fig. 4. Detection of DCL3A and DCL3B genes in monocots and their phylogenetic relationships. (A) The phylogenetic analysis of the helicase-C
domains of rice, maize, Arabidopsis and poplar DCL3-type genes, with the inclusion of their DCL1 counterparts to root the tree. The analysis was
done in a similar way to that described in Fig. 2. (B) PCR analysis for the detection of DCL3A and DCL3B genes in a range of monocots using A-
and B-speciﬁc primer pairs. The product from the 3B primers were expected to be larger (600nt) than the product from the detection of DCL3A
(500nts). Lanes 1 and 18: markers; lanes 2, 4, 6, 10, 14 and 16 DCL3A-speciﬁc primer pairs; lanes 3, 5, 7, 11, 15 and 17 DCL3B-speciﬁc primer pairs.
Lanes 8 and 12 negative control 3A forward with 3B reverse primers; lanes 9 and 13 negative control 3B forward with 3A reverse primer pairs. Lanes
2 and 3 water control; lanes 4 and 5 rice DNA; lanes 6–9 Triticum DNA; lanes 10–13 barley DNA; lanes 14 and 15 maize DNA and lanes 16 and 17
Arabidopsis DNA. The results show the detection of DCL3A and DCL3B in all of the monocots DNA tested.
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sequences ampliﬁed from barley and T. tauchii with the 3A-
speciﬁc primers clustered with the OsDCL3A and
AZm467726 sequences, and the sequences ampliﬁed with the
3B-speciﬁc primers clustered with OsDCL3B and
AZm467726 (data not shown). This demonstrates that the
DCL3 duplication occurred not only before the common
ancestor of maize and rice, but also before the common ances-
tor of barley and rice (60 mya).
3.4. A ﬁfth Dicer type in monocots
The OsDCL3B gene in rice is transcribed, as we could detect
its sequence in EST clones (RSICEK_13981 and CK062710),
and has no premature stop codons, suggesting that it is trans-
lated into a functional protein. However, this protein has 57%
amino acid sequence identity with that of OsDCL3A, showing
that the gene has diverged signiﬁcantly from its paralog,although it has retained the landmark amino acids that give
it the domain hallmarks of a functional Dicer. Furthermore,
its dsRB domain, which probably governs the role of the small
RNAs that the enzyme generates, is highly divergent from all
of the other Dicers, showing no phylogenetic grouping with
any of them (Fig. 2B). As the DCL3B gene is present in all
of the monocots that we tested, and probably has a speciﬁcity
diﬀerent from that of its paralog OsDCL3A, which groups well
with PtDCL3 and AtDCL3, we suggest that it may have
evolved to perform a diﬀerent function. The highly divergent
dsRBb might allow it to interact with proteins other than those
interacting with the other four Dicer types. Alternatively, this
peptide region may be non-functional and thereby give the
protein a characteristic similar to the DCL2s. If so, it is possi-
ble that it is a case of convergent evolution that increases the
plant’s ability to combat viruses. Whatever its function,
OsDCL3B and its counterparts in other monocots have been
2448 R. Margis et al. / FEBS Letters 580 (2006) 2442–2450retained for over 60 my suggesting that they confer advantage.
We suggest that since the gene is likely to have a diﬀerent func-
tion to other DCL3 types, it and its counterparts should be
considered a diﬀerent form of Dicer, DCL5.
3.5. The origin of plant Dicers
Examination of the genome of the green algae, Chlamydo-
monas reinhardtii, which diverged from plants 955 mya [29],
revealed a single DCR-like gene (C_130110 chlre2/scaf-
fold_13:93930-105880) encoding a protein with single heli-
case-C, a Duf283 and dsRB domains, and two RNaseIII
domains. This initially suggested that the four DCL types in
plants have evolved from a single common gene that was pres-
ent in the common ancestor of algae and plants. However,
examining the genome of the ciliate, Tetrahymena thermophila,
which shared a last common ancestor with plants 2 billion
years ago [29], revealed that there are two DCR-like genes
(AB182479 and AB182480 and ref. [30]) which both possess
helicase domains and two RNaseIII domains (Table 1).
Searching the available genomes of Archaebacteria and Eubac-
teria, we were unable to identify any protein containing two
adjacent RNaseIII domains. In an attempt to discover whether
one (and which one) or both of the Tetrahymena genes werePlant, Insect & 
Nematode
C-terminal 
RNaseIII domains
At
D
CL
1(b
)
Pt
Dc
l1
(b)
Os
DC
L1
(b)
At
DC
L3
(b)
PtD
CL3
(b)OsDCL
3b(b)
OsDC
L2a(b)
OsDCL2b(b)
AtDCL2(b)
PtDCL2a(b)
PtDCL2b(b)
C
eDCR1(b)
D
m
DCR1(b)
D
m
DC
R2(b)
A
tD
C L4(b)
P
tDCL4(b)
O
sDC
L4(b)
T
TtDCR
1(a)
TtDCR
2(b)0.2
Fig. 5. Phylogenetic analysis of RNAse III domains of plants, insects and
coloured regions show that the N-terminal RNaseIII domains from rice, Ara
cluster while the C-terminal RNaseIII domains show a similar counterpart cmodern day representatives of the progenitors of animal and
plant Dicers, the two RNaseIII domains of both these genes
were compared with the RNaseIIIa and b domains of DCRs
or DCLs of a nematode, an insect and three plant species.
The result (Fig. 5) shows that with the exception of the Tetra-
hymena domains, all RNaseIIIa domains cluster together and
all RNAseIIIb domains cluster together. However, the Tetra-
hymena RNaseIIIa and b domains from DCR1 and DCR2
are more similar to themselves than to either of the RNAseIIIa
or RNAseIIIb domain groupings of plants, nematodes and in-
sects. Insects, nematodes and plants shared a common ances-
tor about 1.6 billion years ago and the phylogenetic tree in
Fig. 5 suggests that duplication and distinction into RNaseIIIa
and b domains had been well established at this point, and that
these diﬀerences have been largely conserved since then.
Unfortunately, because the Tetrahymena RNaseIIIa and b do-
mains, form an out-group from the domains of the other spe-
cies, it does not shed light on which one (or both) of the
Tetrahymena DCR-like genes is a modern day representative
of the progenitor of plant and animal Dicers. The simplest evo-
lutionary model (Fig. 6) is that the Tetrahymena DCR-like
genes were derived from a very ancient duplication, that this
pair has been maintained in some fungi and insects, and that
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model, nematodes, mammals, and other organisms which pos-
sess only one Dicer, have lost one of the pair of progenitor
genes. At the other end of the spectrum, it is possible that only
one of the Dicer genes, now found in Tetrahymena, was pres-
ent in its common ancestor with other eukaryotes and has not
been duplicated in the evolution of algae and mammals, and
there have been independent duplications of this gene in cili-
ates, fungi, insects and plants. Of course, there are many other
intermediate possibilities. For example, the ancient form of
only one of the Dicer genes found in Tetrahymena could be
the progenitor of all Dicers found in eukaryotes but was dupli-
cated before the divergence of plants and animals. Fig. 6 pre-
sents a summary of the diﬀerent Dicer-like genes described in
this study, in the context of the evolutionary history of plants,
algae, fungi and animals, and predicted events of large scale
gene duplication that have occurred in plants. It seems likely
that the gene duplication from two to four DCL genes, the
generation of OsDCL3B, and the generation of PtDCL2B
occurred during the large scale gene duplication events that
have been mapped to 270, 70 and 10 mya, respectively
[27].Acknowledgment: Thanks to Karl Gordon for very helpful discussions.Appendix A. Supplementary data
Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.febslet.2006.
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